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ABSTRACT

Tho desig;h of an elootroacoustio transducer which iz
lincar and psasive, and yet nonréciprocel ie doscribed, Imphe=

sis .is placod on the design of 4 partiocular type of such 9” does,

in wake how g e

tronsducer beoause of ite possiole use by the—Hawydn-welii-ii=iay
-,nrpedoees;y This transducer has a tronsmitting-directivity : ' o
pattorn of the single-main—lobe, or searchlight type, end a ce-
-spht=-joke type,

ceivmr-d:.rectivity pattem oi‘ ‘the -bwi-a-kbo,—or—&&z—'—eeewh-v
me This type of nonreoiprocity in
achievaed by combining two‘dif'f’er.ent kinds of oleotroacoustic

1 trunsducer elsments into one instrument. One elemont must ba

3

a condenser or piezoeléotric crystal assembly, and the other

an eleotromagnetic or electrodynamic transducers
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1.0 Tatpaituetion

Thn pounibility of desioning Sleetroacchenionl s aterm

that are liankr nn.i’pusﬁiw bak unenrec l.i‘ucul wali Mirst explained
SRS AR ?'cf'i]lnn} 0 point+d aut thut sone ‘.y:.ns. of transducers
nurinliy tion sht. of n= be-:in.;‘rccitzrc;.crxl nre, in fact, reci.rocal
in ~a:nitude vut not in pluse. | By suituhly connectin: beth
typos of thosa traxmducf:r;u intu i’m:r-tv.-rx.tié.ul netiork, thoy

cun he te to "utd" sach othor vhen power iy passed throupgh

tha retwork in ono Jir :ction, and %o "ogpose” euch other vhan

povor ig pnszed through in the o;moui*n dlru"cn, thus form-

il -1)~ruc1,.mcu1 netusry thut is °‘111 lincur und pussive,
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2ol  Eleotro-mechano-acoustical Anslogies

et

Consistency in the analysis and definitions usod here requires
the use of a single type of electromechanioel and slectroagoustical

anelogy. For our purposes, it is most convenient to use the

i e it B o'

analogy:
elactrioal mbclw.nical. acoustical 3
voltage force - pressure

curront velooity volune éurrent

> ~
L 4
e et e e e

2,2 Reci:procgl and Antireciproocal Elements

A reciprocal element ig defined as an elactroacoustic trans- . p
ducor which is reoiprooal in both phase and nmagnitude, or one

whose transfor impedances have the same sign. Transducers of

Y TR WA ]

the piezoeleotrio or condonser type are reciprocal olements,
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An antireciprocnl element is an alectroacoustic trans-
ducer vhich is reoiproca'i in magnitude only, or one vhoze transfer
impedances have opposite signs. ifoving-coil and nugnetostriocticn

transducers are of this type,
243 Phage Relationships

A raciprocal olemont is normally an electrostatic device
and behaves like a ocondensor; the meohanical forces involved

are in phase with the charge ‘or the voltage,

An entireci prosal element behaves like « wire in a mage
notic field whore the mechaniocal forces involved are in pfmse

with the ourrent or 18(° out of phase with it, depending on-

wheather we have the'co,se of a generator. or motor. Wo can arbi-

trarily choose which.case gives us the "in-phase" relationship,

the important point boing only that the two casos differs

_Consider an olqctxoaéoustic transduser as a four terminal
network with two elestrical términals and two .acoustic terminals

ag shown in Fig.' le
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= ourrent (whon V=0)
E= enf (open circult)
V= volume current (when I = 0)
P= excess pressure (open circuit)

3

Figuew 1 - Blectroacoustic Tr-nsducer as FoureTorminal MNetwork -

?

'rho transfer 1nped:nce. hovs are P/I and E/V. 'For e

recinrooal element, P/I = BV, For fin antirociprocal eloment,

_P/I =L/, For p rociprocal element, ‘the’ phase botween Pand 1

may be unlmovm. but 11. 13 ofguned to be the Bucto a8 the phase be-

tween L end Vo, That 183

it P leads I by an angle 8,

then E - leads V. by an angle 6.
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For an antirociproocal element, the phaso between P and .l is .assumed

" to be 130 dogrees differont from the phase between E &nd V. “ That is,

if P leads I by an angle ©

o . o
then E leads V by an angle.® 4180,

How connoct & reciprooal _a.nii "an antireciprocel elemont in

sories as shown in Tigure 2,

s V,——

. .E‘H- : . l-""

Jeald L

L y : o e
. EC ! v 5 PC 4

Figure 2 «~ Reoiprooal.arid Antireciprooal Elemsnts in Series
Assumos 7 ‘leads I by o

Po 'leada I by Q 2

J °
Thens m leads Vi by . 014-2180

L _ leads Vo bY &,




1’:719:; this combination is used as an electroacoustic projector, the
sound fields produced at the acoustic fatos of the individual ele-
ments will be P and P, .  Ordinarily P, and P, will not bé in

phase, but will diffor Ly an angle (01 ~ 6 Je A vector repres

sontation of this is shown in Fig, 3'.'

Figure § - Phase Relationship Datween Py and Py o

The dircction. of maximwn cohstructive interferonce (i.e., tho main
lobe) then wi.l}. not coinocide with the mechanical axis of the i'xmtru~
nent but will be a function of frejuency, of aungle (6 - &), end

of the distnnce between the .acoustic contere of the olements. Call

this diraction the acoustic axis, Seo Fig. 4.

s

WELT RN Y
D ot el dan

T
o

{

i




b
i
Ui
i

GU u Ludilad

s
ba my
a 3

b4 : H
" Aeoustic face ~ ’/,-Wave ¥ront

plreoﬁon. of -
Mechanical Auxis

r

Direction of
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Figure 4 = Dirogtion of Yain Lobe of Sound leam From’
n = Combination of Reciprocal and Antireciprocal
Transdugers Connected in Seriocs

" %hen the conbixinﬁiox;n is used as a hydrophonc; vdlth souad being
re’cé:bm& along the diréotion of ého acoustic axis, the sound fields at
the acoustic fuces of the individual elements will again have a phase

" . aifference of angle () = 9,) Now, however, P, will be lsading

Pm; ‘Since the phase between P and V, must be tho some as the phase

detween Py and V,, we oan oonclude that V, will lead Vy by (81 <« gp)e

A\

Py e shem o o oy
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Thus we have established the following relationships:

C Ve

,\q\ Aleads v, by (8, - 65)
E, loads Vy by ©; 4 180°

E, leads Vy by 0

Therefore, E; and F“o aré 180° out of phase as showii {n Figuro 6,

16¢ =N

5
(’l"a.‘I’

Vi

E, o - E. | .
M N 5“
. 7“\{:

and Em 5

Figure 6 « Phaso Relationships Amang Voo Voo By,

Inasmuch as tho only assumptions regarding the magni-
tudes and signs of @; and 83 mado here were for purposes of
iiluatra‘bion and drawlng tho vootor diagrams, and since no such
assumptions arc nocessary to resch our conclusion, we have a

perfcctly general case.

3

Tho only assumption made which might be ocpon to ques-

tion is that which nakes the phase betwsen P and I and betwecn
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E.and V the same rogardless of whethor ¢he values aroe open olire
cuity that 3is, whothor we vox;k ;nto un infinite loade In

practics wo do not work into infinite loads, although inf‘init&
loads are acsumed in dofining dransfer impedances. In view of

our exporinental sucoess, tho assumption scems to bo valids
. 2,4 Conditions of Maximum Nonraciprocity

It has boen shown that for one given direstion, the
gsortcs combination of two difforent eloments will have ® single
main lobe z}uttem on transmission Seomxso the two olaments produce
"afding" o:f'"in-phase" aouni} fieldse Vhen receiving from this -
aeme dirgcf":ion. the ‘::wo aaf's i:’roduced will be "opposing" or
"out of phase", If the reteiving responses of the ﬁwo olenants
are how nade equal in .magn‘itude. they will cancal each other, and
the total reoeivir;g, responaé of the combination will be equal %o
zeroa This will eppear a8 tho sharp and deep null in a‘ h+—lobo

W pc.xttern.' The tren smiéting roesponses will also be equal in.

magnitude, but they will add up to & total response twico that of

either individual element. lUnder these oonditions the maximun
nonreciprooity or greatopt difforence between trm smitting and reo~

coiving rosponses 1g obtained,

)
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2,5 Frequency Limitations

Two facto;a willhlimit the satisfactory operation of
this instrument to one frequénny. Ordinarily the respongos of
the two elements will be the same for only a fow frequencies,
Yaximum nonreciprocity cen pOssib}ijbe obtained at all thécc fre-
quencies, but the direction of the.acoustic axis will be diff;rent
for all; since its deviation-from the mechanicel axis is a func~
tion of frequency. In practice, an instruﬁent can usually be me-
chanically orionted eusily; therefore the direction of the acoustic
cxis is not as important as the fuct.thnt it chang;es with {requency. -
Even if it were possible to design two' different elenents whose re;
sponses werc identical over a wide froquoﬁcy band, the limitation to

one frequency by the shifting rcoustic uxis would still oxist.
3.0 _ Construction of Experimental Kodel
3.1 Original lodel"

The first model, built to test the nonreciprocal theory, was
merely an AX70 and an }484 mounted in juxtaposition on a single rig
as shown in Plate 1. The AX70 is an Xeout Rochelle Salt orystal

transducer and a reciprocal elemont, The 1154 is a magnetostriction

-

e S L ITT] y
I RIRE s ne=n-m 1y
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transducer and an antireciprooal element., They were connected

extornally in sories.
3.2 Seoond ¥odel (RLe-T2A-1)

Aftor successful tests with the first modsl, a second model
was buil‘p bj removing half of thé fnagnetostriction units from the
1S4 end replacing them with en assdnbly of Y-cut Rocholle dalt crys~
tals. See Plates 2 and 3. 'i'fie two elements were again connected

in series. This first ocomplete and integrated model was designated

the RL=T2A-1,
4,0 \ Test Results
4,1 Original Mcdel Tests

The individual elsments of tho original model imd equal
sonsitivitios at 57,7 ko, and it was at this frequenocy that th.e
first suocessful tosts were run.. Figure 6 shows the transmitting
and recelving directivity patterns with the maxina of one falling
at the same angle as the n}inima‘ of the other. By shunting the AX70
with a low‘ ‘x:osis‘camo (2 ohms), its sensitivity wes muniched with

that of the MS4 at 25 Xo, and the results again wore good. See
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4,2 RL=T2A~1 Tosts

The RI~T2A-) wus testod with satisfactory rosults shown
in Pig, 8. By shunting both olemonts with various impedances,
pood nonreciprocity could be obtained at many different frogquencies
and the direction of the mooustic axis could be shiftod relative
to the nechanical oxise

4,3 Parallel Connections

Connecting the two elements in parallel will also produce
nonreciprocal results, ilowever, a parallel connectlon produces
a much lower opon-cirscuit folto.ge output for the comdbination than

a series connection. Thus the series connection is to be pre-

. ferrod over the parallel.

4,4 Linecarity

Tests rovealed the RL-T2A-l to be linear with power.

4,5 Determination of Optimum Frequency.

For a given set of olootrical conditions, the Jastrument

will havo one optimun frequency at which it will have nuximum
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nonraoiproéity in one given dircation, If a particular optimum
frequonay is dosired, the eloctrical c;mditions oan usually be
changed oo as to. phtnin tho dosired results. An analysis of

the individual element freqioncy responses will indicate the type
of el'e.otricai chinge that shauld bs used '!:.o ohift the optimiim fre
quc;no,i'[ in « desired direction, A froquency response run with
automatio rocording equijment i1l reveal the optimum frequenoy

as a sharp nininum in the instriment's roaclving responsos -’
'\l . . ’

£,8 Tottern Roversal

By reversing the elogtrical leads on one of the two

eloments, the patterns ‘can bo reversed. That is, it will trans-
sphtelobe C . sStmalccamum~iobe

., mit a<Bad pattorn and receive & seenehiizht pattern,

-

a7 Side Lobes.

The gide lobes in the original model were very hiph, but
further design and development have roduced themq " The Ril~T2A«1

was an improvement in'this direction over the original models

g .
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5.0 Uses und Applications

Proper design and construotion of this type transducer shouid
meke it ideally upplicable to the "Sonar Viaks Dectotor” 2 and the
"Ultrasonic Impedance System",_; of wake-homing torpedoas, Usé of
this transducer appoars foasible 13: a.bridgo-"cype circuit, and
might conocivably avert trc‘)uble due to dynrmie pressure st high

© torpedo speads,
6.0 cgnclusion

= The teste prove oonclusivély that linear, passive,

nonrooiérooal ‘transducers can be built for practical purposes for

et e g @

e e e T I RS

£ operation at a single frequonoy, Multiple oombinations of differ=
. ent elozents could be used to produce a wido variety of nonrecipiyp- -

cal types,

The thoory of ~peration is, in genoral, as heretofore
~outlineds A rigorous analysis of tho phase relationships in the

slootro-mechanc-acoustionl system remains to be done in detail.

Sound Division Report ¥44, Seorst

aSLak

s, :
(3) "Uitrasonio Impoedance System" O, R. L. Report from _
/ Peun Stato College. Sept. 15, 1948, P R
Serial No. NOrd 7956110, Seoret. RS
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